We report on phase-coherent transport studies of a Bi2O2Se nanoplate and on observation of 
Since the discovery of graphene, 1 extensive research has been focused on realizations of various two-dimensional (2D) materials systems and on their potential applications in electronics, optoelectronics, and nanoelectromechanical systems. 2 Recently, a new type of 2D materials, semiconductor Bi2O2Se nanoplates, have been successfully synthesized via chemical vapor deposition. 3, 4 These CVD-grown Bi2O2Se nanoplates can be stored in ambient environment for a considerably long period of time without crystal quality degrading. 5, 6 Bi2O2Se has an indirect bandgap of ~0.8 eV and field-effect devices made from nonencapsulated Bi2O2Se nanoplates exhibit high electron mobility of ~450 cm 2 V −1 s −1 at room temperature. 5 Based on their suitable bandgap and high carrier mobility, Bi2O2Se nanoplates have been used to construct infrared photodetectors with fast response and high sensitivity. Bi2O2Se also exhibits excellent low-temperature transport properties. For example, high electron mobility at low-temperature has been reported in Bi2O2Se layers (∼28000 to ~280000 cm 2 V −1 s −1 ) and, as a result, Shubnikov-de Haas (SdH) oscillations have been detected in these materials. 5, 6, 8 Recently, we demonstrated the existence of strong spin-orbit interaction in Bi2O2Se nanoplates and observed weak antilocalization (WAL), a signature of spin-orbit interaction, and its crossover to weak localization (WL) with increasing temperature or decreasing gate voltage. 9 These phase-coherent transport properties make Bi2O2Se nanoplates very interesting for applications in quantum electronics and spintronics, and for exploring new physics. However, no report has been made on observations of universal conductance fluctuations (UCFs) and their amplitude reduction due to spin-orbit interaction, an important signature of phase coherent transport in strong spin-orbit interacting systems, in Bi2O2Se
nanoplates.
In this work, we report on a phase-coherent transport study of a Bi2O2Se nanoplate and on observation of UCFs and their amplitude reduction due to spin-orbit interaction in the layered material. Bi2O2Se nanoplates are grown via CVD on a mica substrate and our transport measurements are performed on a Hall-bar device made from a CVD-grown Bi2O2Se nanoplate on a SiO2/Si substrate in a physical properties measurement system (PPMS). Here we note that the device is made from a Bi2O2Se nanoplate with a thickness of ~24 nm, slightly thicker than the nanoplates used previously in Ref. 9 , in order to achieve a longer coherence length and thus stronger conductance fluctuations at low temperature measurements. In the following, we will first give brief descriptions about the materials growth and device fabrication. We then present the results of transport characterization measurements, in which the characteristic transport parameters, such as coherence length, spin relaxation length, and mean free path, and their temperature dependences in the nanoplates are extracted and discussed. In particular, we will show that a crossover between WAL and WL occurs at ~10 K in weak magnetic-field magnetotransport measurements of the nanoplate. After these characterization measurements, we present the main results of this work, namely the observation of UCFs at low temperatures. Here we will show for the first time that UCFs are observed over a large range of magnetic fields in a Bi2O2Se nanoplate at low temperatures and that the amplitude of UCFs is reduced at temperatures below ~10 K when compared to the trend deduced from high temperature region. Our analysis shows that the observed amplitude reduction is fully in agreement with the prediction by the theory of Refs. 24 and 25, and can be firmly attributed to spin-orbit interaction effect. Our observation of UCFs and their amplitude reduction in the Bi2O2Se nanoplate would stimulate further experimental and theoretical studies of the systems.
The Bi2O2Se nanoplate studied in this work is grown in a low-pressure CVD system. 3 The source materials are Bi2O3 and Bi2Se3 (Alfa Aesar, 99.995%) powders, which are placed in a horizontal quartz tube. Fluorophlogopite mica is used as a growth substrate. For further details about the nanoplate growth, we would like to refer to Ref.
3. An optical image of a few CVD-grown Bi2O2Se nanoplates on the mica substrate is shown in Fig. 1(a) . Here, the nanoplates seen with different brightnesses are different in thickness. The square shape of the nanoplates results from the Bi2O2Se tetragonal crystal structure. 10 The sheet carrier density nsheet is seen to decrease with lowing T from 300 K and tends to saturate when T goes below ~10 K. Mobility μ increases as T decreases and also shows a saturation behavior at T below ~10 K. The temperature evolution characteristics of μ and nsheet suggest that phonon scattering to the cruising electrons is frozen out below ~10 K in the Bi2O2Se nanoplate. 13 As shown in Fig. 2 successively vertically offset from that at θ = 90° for clarity. It is seen that when the magnetic field is applied perpendicular to the device substrate (θ=90°), the magnetoconductance shows a sharp peak in the vicinity of zero field, i.e., a signature of WAL, consistent with the presence of strong spin-orbit interaction in the Bi2O2Se nanoplate. 9, 14 When the magnetic field is rotated away from θ = 90° toward the transverse in-plane direction, the WAL peak becomes broadened. measurements at low, perpendicular magnetic fields B can be described by quantum interference theory, 15 which describes the quantum correction to the low-field magnetoconductance in a diffusive 2D system as, 15, 16 
Here, Ψ(x) is the digamma function. , with i=φ, SO, and e, describe the characteristic fields for different scattering processes and are given by = ℏ (4 2 ) ⁄ with Lφ being the phase coherence length, LSO the spin relaxation length, and Le the electron mean free path. However, we should note that the values of extracted from UCFs are overall smaller than that extracted from the WL and WAL analyses. This could be understood as that unlike WL and WAL analyses, which dominantly take into account interference processes between specific, time reversal symmetric, closed paths, UCFs arise from interferences from all possible paths between two points in the Bi2O2Se nanoplates. 14, 19 In a 2D system with L> (as in the case for this work), the average effect among different coherent areas leads to a reduction in amplitude of conductance fluctuations.
Considering this large-size average effect and the thermal average effect arising from finite temperatures, the fluctuation amplitude δ , where subscript rms stands for the root-ofmean-square value, can be described by ∝ ⁄ �ln ( ⁄ ), where = �ℏ / is the thermal length, without taking the amplitude reduction due to spin-orbit interaction into account. 20 Here, for a 2D system, δ ∝ −1/2 would be observed. However, as we will show in the following, spin-orbit interaction leads to a strong reduction in δ in our nanoplate device. electron scattering induced dephasing in a 2D system. 19 The red dashed line in the figure is the result of extending the linear fit from the high temperature region to the low temperature region.
It is clearly seen that at T < 10 K, the measured 〈 〉 ⁄ increases more slowly and deviates away from the 1 √ ⁄ dependence. This phenomenon has been previously observed in GaAs/AlGaAs heterojunctions 21 and InAs nanowires, 22 and has been attributed to the presence of strong spin-orbit interaction. 21, 22 In the Bi2O2Se nanoplate studied in this work, SO becomes shorter than at T< 10 K, and strong spin-orbit coupling can thus influence the cruising electrons via introducing an effective magnetic flux which has opposite sign for spin-up and spin-down electrons, resulting in a reduction in amplitude of UCFs. 23, 24 To evaluate the effect of spin-orbital interaction on UCF amplitudes in our nanoplate, we fit our measured data in Fig 〈 〉 ⁄ at 2 K is reduced to ~75% of the value that would be obtained from the dashed line, i.e., if no spin-orbit coupling is present in the system. Note that in the infinitely strong spin-orbit coupling limit, a reduction factor of 50% in 0 ⁄ is predicted by the semiclassical theory. 23 Our observed reduction factor is about half of the value that would be observed in the infinitely strong spin-orbit interaction limit and is significantly larger than the reduction factor value observed previously in conventional GaAs/AlGaAs heterostructurs. 21 In conclusion, we have studied the phase coherent transport in a Bi2O2Se nanoplate device. The device is made from a Bi2O2Se nanoplate of 24 nm in thickness, thicker than the nanoplate used in the study reported previously in Ref. 
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